Endothelialization of expanded polytetrafluoroethylene (ePTFE) has the potential to improve long-term patency for small-diameter vascular grafts. Successful endothelialization requires ePTFE surface modification to permit cell attachment to this otherwise nonadhesive substrate. We report here on a peptide fluorosurfactant polymer (FSP) biomimetic construct that promotes endothelial cell (EC)-selective attachment, growth, shear stability, and function on ePTFE. The peptide FSP consists of a flexible poly(vinyl amine) backbone with EC-selective peptide ligands for specific cell adhesion and pendant fluorocarbon branches for stable anchorage to underlying ePTFE. The EC-selective peptide (primary sequence: Cys-Arg-Arg-Glu-Thr-Ala-Trp-Ala-Cys, CRRETAWAC) has demonstrated high binding affinity for the a 5 b 1 integrin found on ECs. Here, we demonstrate low affinity of CRRETAWAC for platelets and platelet integrins, thus providing it with EC-selectivity. This EC-selectivity could potentially facilitate rapid in vivo endothelialization and healing without thrombosis for small-diameter ePTFE vascular grafts. r
Introduction
There is a pressing clinical need for suitable smalldiameter vascular prostheses to bypass diseased coronary and peripheral arteries. Materials, such as expanded polytetrafluoroethylene (ePTFE) , that are successful as large-diameter vascular prostheses have proven inadequate when used in small-diameter applications because of thrombosis and occlusion [1, 2] . The ideal blood interface is a confluent layer of healthy endothelial cells (ECs). Preimplantation endothelialization of ePTFE has demonstrated limited clinical improvement in long-term patency for small-diameter grafts [3, 4] . The challenge of tissue engineering the ideal blood interface is that the same matrix proteins (e.g. fibronectin-FN) or FN-derived peptides that bind ECs also will bind platelets and initiate thrombosis. We have previously reported a peptide fluorosurfactant polymer (FSP) modification of ePTFE that facilitates EC adhesion, growth and function [5] . However, the RGD-containing peptide sequence used for cell binding on our previous construct has roughly equivalent affinity for EC and platelet integrins [6] [7] [8] . In this study, we hypothesized that platelet binding could be reduced while maintaining EC adhesion, growth, shear stability, and hemostatic function if an alternative, EC integrin-selective peptide was employed in our FSP biomimetic construct.
The cyclic peptide sequence Cys-Arg-Arg-Glu-ThrAla-Trp-Ala-Cys (CRRETAWAC; Fig. 1 ) has been shown to bind with high specificity and affinity to the a 5 b 1 integrin (IC 50 for a 5 b 1 integrin binding is 0.01 mM, but 41000 mM for a v b 3 integrin) [9] ; this has been attributed to RRE motif interaction with the b 1 subunit (similar to RGD interaction) [10] and Trp interaction with a Trp residue in the a 5 subunit [11] [12] [13] . High affinity binding of CRRETAWAC to a 5 b 1 integrin confers ECselectivity due to the relative prominence of a 5 b 1 integrin on ECs compared with platelets [14] .
In this paper, we examine the binding affinity of cyclic CRRETAWAC for platelet receptors, specifically the a IIb b 3 integrin. The synthesis and characterization of CRRETAWAC FSP (Fig. 1 ) is detailed. We also investigate EC adhesion, growth, shear stability, and function on CRRETAWAC FSP-modified fluorocarbon substrates. Finally, we demonstrate limited platelet adhesion on CRRETAWAC FSP, establishing its potential to promote rapid endothelialization without thrombosis for smalldiameter vascular grafts.
Materials and methods

Peptide fluorosurfactant polymer synthesis and characterization
Peptide synthesis, cyclization, and purification
The cell adhesive peptide was synthesized using an Applied Biosystems (model 433A) solid-phase peptide synthesizer, utilizing 9-fluorenylmethoxycarbonyl (Fmoc) methodology, common solvents, packing resin and capped amino acids. This peptide is a 13 amino acid molecule having the following sequence: CRRETAWACSSSG (Fig. 1 , or negative control scrambled peptide CATAERWRCSSSG). Poly(vinyl amine) (PVAm, Mn ¼ 11,000) was synthesized as described [15] with molecular weight characterized by GPC using a cationic column and a laser scattering detector [16] . The hydrophilic SSSG spacer present at the N-terminus of the peptide was included to allow for elevation of the functional CRRETAWAC peptide sequence from the PVAm backbone. Formation of disulfide bonds between sulfhydryl group of cysteine residues was achieved by a solution oxidation method [17] . The linear peptide (150 mg), cleaved and deprotected, was dissolved in 300 ml of 0.01% aqueous acetic acid, and the pH was adjusted to 7.5-8.0 with 8 M aqueous ammonium hydroxide. The solution was titrated at room temperature (RT) with 0.01 M K 3 Fe(CN) 6 until the yellow color was maintained for 10 min. The conversion of sulfhydryl groups to disulfide bonds was confirmed by a negative Ellman's test [18] . Ionexchange resin (3.7 g of AG3X4, acetate form) was added, and stirring was continued for 30 min. The suspension was then filtered to remove resin, and the filtrate was lyophilized, resuspended in water, and lyophilized for two additional cycles. The peptide was then purified by preparatory scale highperformance liquid chromatography (HPLC) to yield 46 mg (30% yield) and characterized for composition by mass-spectroscopy (single peak 1410.98, expected 1411).
Synthesis of peptide fluorosurfactant polymer
To facilitate peptide attachment to amino groups of PVAm, cyclized and purified peptide was first reacted with glutaraldehyde (5 Â excess) using the standard Schiff base reaction in the presence of a reducing agent, NaCNBH 3 , in aqueous solution. Ellman's test for sulfhydryl groups on the modified peptide was negative. The aldehyde-terminated peptide (Pep-ald) was purified from excess glutaraldehyde by dialysis against water, filtered ARTICLE IN PRESS Fig. 1 . Reaction scheme for synthesis of fluorosurfactant polymer with CRRETAWAC peptide. The RRE motif is believed to interact with b 1 integrin subunit [10] ; the Trp residue is believed to interact with Trp 157 within the a 5 integrin subunit [11] . Peptide FSP consists of poly(vinyl amine) backbone with free amines (x ¼ 7), glutaraldehyde linked cyclic GSSS-CRRETAWAC cell-binding peptide (y ¼ 2), and substrate adsorbing perfluorocarbon pendant branches (z ¼ 1).
to remove a small amount of aggregates, and lyophilized. Reactive CRRETAWAC peptide (Pep-ald, 27 mg, 0.02 mmol) was attached to PVAm (1.4 mg, 0.033 mmol) using the standard Schiff base reaction described above. The conjugate was purified by extensive dialysis against water, filtered, and lyophilized (24 mg To attach perfluorocarbon pendant groups to PVAm polymer chain, the N-(perfluoroundecanoyloxy) succinimide [5] (3.64 mg, 0.0056 mmol in 1 ml methanol) was added to PVAm-Pep (20 mg, 0.0112 mmol) dissolved in 2 ml DMSO and stirred for 5 h at RT. The initial molar ratio of fluorocarbon to peptide was 1:2. The final product was purified by extensive dialysis against water and lyophilized (10.6 mg). IR (KBr, cm À1 ) 3305 (v (OH)), 2926-2968 (v (CH) of CH 2 and CH), 1650 (amide-I) and 1547 (amide-II), 1224 and 1154 (ÀCF 2 À). XPS atomic composition data on polyethylene: %O 17.0; %N 13.3; %F 8.9.
UV spectroscopy
UV absorption of peptide and PVAm-peptide conjugate in aqueous solution was measured by UV-VIS scanning spectrophotometer (UV-2101PC, Shimadzu) at 200-400 nm range, with sampling interval 0.2 and slit width 1.0. At least five dilutions were made using Millipore water as a diluent. Maximum absorbance (at 280 nm) was plotted against sample concentration. The molar absorption coefficient was calculated using the Beer-Lambert equation (e ¼ A/c). 
Solid-phase integrin binding competition
Platelet aggregometry
The effect of peptides on platelet aggregation was assessed using a Bio/ Data PAP-4 aggregometer according to a standardized protocol [19] . Platelet-rich plasma (PRP; 231-324 Â 10 3 platelets/ml) and platelet-poor plasma (PPP; 15-23 Â 10 3 platelets/ml) were obtained from two healthy consenting donors in compliance with IRB-approved protocol by methods described previously [20] . PPP was used to obtain baseline data for the aggregometer before each run. Samples were prepared by adding 450 ml of PRP, 25 
Surface preparation and modification
The peptide FSP was dissolved in water (2 mg/ml) and adsorbed on fluorosilane self-assembled monolayers (FSAM, prepared as described [5] ) and ePTFE (wall thickness 0.005 in, internodal distance 20-30 mm, ZEUS) for 24 h. The samples were removed from the solution and dried. Surfaces were sterilized at RT by a 5 h exposure to ethylene oxide followed by a 24 h outgassing period.
Peptide FSP stability on solid PTFE was tested under water for up to 20 weeks. Upon removal, samples were rinsed three times with pure water and dried at RT for 24 h. The degree of peptide FSP modification and stability were determined by water contact angle measurements and XPS analysis.
Cell culture
Human pulmonary artery ECs (HPAECs, Cambrex) obtained at passage 3 were grown to 80-90% confluence from a 1:3 split ratio in 25 cm 2 polystyrene tissue culture flasks (Costar) coated with human FN (Sigma, 1 mg/cm 2 ) in complete growth medium (CGM) and trypsinized using trypsin/EDTA (BioWhittaker). Culture medium was made by supplementing basal media (MCDB 131, Sigma) with 0.015% (w/v) EC growth factor supplement (ECGS, Core Facilities Laboratory, Cell Biology Department, Cleveland Clinic Foundation), 0.009% heparin (w/v, heparin activity, 16.3 U/ml; isolated from porcine mucosa, Sigma) and 10% (v/v) FBS. ECs for experiments were used at passages 6-8.
Peptide and integrin specificity
To determine the CRRETAWAC-dependence of EC interaction with the peptide FSP, ECs were incubated with either soluble CRRETAWAC or CATAERWRC (1 mM), or no peptide in Hank's Buffered Salt Solution with 0.1% BSA, 25 mM HEPES, 1 mM MgCl 2 , and 1 mM CaCl 2 at 37 1C for 30 min. Peptide-incubated ECs were then seeded at an estimated density of 50,000 cells/cm 2 onto CRRETAWAC FSP-coated FSAM surfaces (n ¼ 6, two surfaces/pre-incubation condition). After seeding for 30 min under controlled conditions (37 1C, 5% CO 2 ), the EC seeding solution was aspirated and CellTiter assay (Promega) was employed to determine relative cell viability. EC attachment as reported is normalized by attachment to CRRETAWAC FSP by ECs not incubated with peptide.
To establish a 5 b 1 integrin specificity of CRRETAWAC peptide, integrin function blocking antibodies were employed to disrupt EC attachment to CRRETAWAC FSP. For this, ECs were incubated with no integrin antibody, a 5 b 1 integrin blocking antibodies (MAB1969 at 30 ml/ml and AB1950 at 10 ml/ml, both antibodies from Chemicon), or a v b 3 integrin blocking antibody (MAB1976Z at 30 mg/ml, Chemicon) in Hank's Buffered Salt Solution with 0.1% BSA, 25 mM HEPES, 1 mM MgCl 2 , and 1 mM CaCl 2 at 37 1C for 30 min. Cells were then seeded on FN-coated glass (n ¼ 10, at least three surfaces/pre-incubation condition) or CRRETAWAC FSP-coated FSAM (n ¼ 10, at least three surfaces/preincubation condition). EC attachment was assessed by phase contrast imaging and manual cell counting for at least 26 fields/surface.
Adhesion and growth studies
Confluent ECs were trypsinized and resuspended in serum-free OptiMem I (Invitrogen) supplemented with 1 mM CaCl 2 for seeding at a subconfluent density (via hemocytometer count) of 15,000 cells/cm 2 . Experimental surfaces included CRRETAWAC FSP-modified FSAM (n ¼ 4/time point) and ePTFE (n ¼ 3 at 3, 48, and 96 h time points). FN-coated glass surfaces (1 mg/cm 2 , n ¼ at least 8/time point) were used as the positive control and unmodified ePTFE (n ¼ 3 for 3, 48, and 96 h time points, no surfaces at 19 and 72 h) surfaces served as negative controls; these surfaces were rendered aseptic by immersion in ethanol. ECs were permitted to attach for 2 h under controlled conditions (37 1C, 5% CO 2 ). After 2 h, the OptiMem I was aspirated and replaced with CGM. Culture media was changed every 2 d. The cell population was assessed 3, 19, 48, 72 and 96 h after seeding by DAPI (4 0 ,6-diamidino-2-phenylindole, dihydrochloride, Invitrogen) staining of cell nuclei and by phase contrast imaging and manual cell counting. For the DAPI stain and count, ECs were fixed with 4% (w/v) paraformaldehyde (PFA, Sigma) in phosphate-buffered saline (PBS, Gibco), permeabilized with 0.1% (v/v) Triton-X 100 in TBS, and stained with DAPI (1 mM), a double-stranded DNA binding dye. For enumeration of fluorescently labeled EC nuclei, 33 epifluorescent images along 8 axes at 4 radial distances for each surface were acquired using a Nikon Diaphot 200 microscope with a 10 Â objective. Cells were counted automatically (ImageJ, NIH) in a 0.4 mm 2 region of interest and the average cell population was determined. Phase contrast imaging and manual cell counting on surfaces proceeded in a similar fashion, but with 12 fields/surface analyzed for cell population estimation (4 axes at 3 radial distances).
Attachment efficiency was calculated as the ratio of attached cell density to seeded cell density. Attached cell density was calculated 3 h after initial seeding; seeding density was determined by a hemocytometer count of the seeding solution. Doubling time, a reflection of cell growth rate during the logarithmic growth phase, was estimated for CRRETAWAC FSP and FN from non-linear regression (Origin 7.5) of EC population data to the following sigmoidal Boltzmann equation:
where A 1 is the initial cell population, A 2 is the maximum cell population, t 0 is the time at which cell population is halfway between the initial and maximum cell population, and k is a growth coefficient with units of h À1 [21] . Residual analysis for the non-linear regression revealed good model fit. The model coefficients of determination (R 2 ) for CRRETAWAC FSP and FN were 0.946 and 0.623, respectively. The growth coefficient (k) was used to obtain the doubling time parameter during the exponential phase of growth using this equation: t d ¼ lnð2Þ=k [21] . Significant differences in the growth coefficients were investigated using a two-sample t-test with the error and degrees of freedom for each growth coefficient estimated by the model fit.
Shear stability testing
A rotating disk system was used as previously described [22] to investigate shear stability of adherent ECs on CRRETAWAC FSP. Shear stability on CRRETAWAC FSP modified FSAM (n ¼ 4) was compared with EC shear stability on RGD FSP modified FSAM (n ¼ 4, peptide ligand sequence-GSSSGRGDSPA) and on FN-coated glass (n ¼ 4, 1 mg/ cm 2 ). For these experiments, ECs were seeded at a confluent density (65,000 cells/cm 2 ) and cultured on surfaces for 18-22 h to allow for EC attachment and spreading. EC-seeded surfaces were then subject to shear stress (t) in CGM according to the following equation:
, where Z ¼ dynamic viscosity, r ¼ radial distance, o ¼ angular velocity, and n ¼ kinematic viscosity. The EC population on the different surfaces was quantified using a DAPI nuclear stain and count (described above) after 4 h of applied shear stress ranging from 0 to 57.4 dynes/cm 2 . Cell retention was calculated by comparing the EC population at radial distances after shear to the analogous locations on the same surface before shear, as determined by phase contrast imaging and manual counting.
Cell alignment was determined by tracing cell cytoskeleton outlines revealed by Alexafluor 488 phalloidin staining of actin stress fibers (1:20 dilution in TBS for 20 min, Invitrogen). A software package (ImageJ v1.34, NIH) was used to determine the angle of the long axis of traced cells for at least 80 cells/surface/shear condition for four replicates of each surface type. This angle was compared with the direction of flow and cells found to be within 7201 were considered aligned.
Hemostatic function studies
Adherent cell hemostatic function was investigated with two enzyme immunoassay (EIA) kits that measure cellular production of 6-keto prostaglandin F 1a (6-keto PGF 1a , Cayman Chemical) or tissue plasminogen activator (tPA, American Diagnostica Inc.). To collect cell culture media samples for assay, HPAECs (p. 7, Cambrex) were seeded on CRRETAWAC FSP-coated ePTFE (n ¼ 6/assay), FN (1 mg/cm 2 )-coated glass (n ¼ at least 6/assay), and RGD FSP-coated ePTFE (n ¼ 6/assay) at a confluent density (40,000 cells/cm 2 ) in serum-free Opti-mem I supplemented with 1 mM CaCl 2 . After 2 h, the seeding solution was aspirated and replaced with CGM for 22 h. After 6-22 h, conditioned CGM was assayed according to the manufacture's protocol for both EIA kits. PGF 1a or tPA concentrations were converted to production rates by normalizing by time and cell population. Reported production rates were normalized by the production rate for ECs adherent to FN for a particular experimental run.
To confirm EC phenotype, adherent cells were incubated with 10 mg/ml acetylated low-density lipoprotein, labeled with 1,
0 -tetramethyl-indocarbocyanine perchlorate (DiI AcLDL; Biomedical Technologies) in CGM for 4 h at 37 1C. Cells were then fixed and counterstained with DAPI as described above. DiI AcLDL uptake was visualized with a Nikon Diaphot 200 epifluorescent inverted microscope using a 40 Â objective and the appropriate excitation/emission filters.
Platelet adhesion to surfaces
Venous blood was drawn from healthy, aspirin-refraining adult donors in compliance with IRB approved protocols. Blood was drawn into 3.2% sodium citrate anti-coagulant (Sigma) at a 9:1 ratio. Blood was centrifuged at 200g for 15 min. The top layer was then removed and centrifuged at 2000g for 10 min to pellet platelets. The supernatant was then discarded and the platelet pellet resuspended in a solution of 1% BSA in PBS to a final concentration of approximately 50,000 platelets/ml (measured with an AcTDiff Coulter Counter).
All surfaces (n ¼ 3 for CRRETAWAC and RGD FSP-coated FSAM, n ¼ 6 for FN-coated glass) were passivated with 2% BSA in PBS for 30 min prior to platelet suspension exposure. Immediately before surface incubation, CaCl 2 and MgCl 2 were added to the platelet suspension to a final concentration of 2 and 1 mM, respectively. The platelet suspension was incubated on experimental surfaces for 30 min at 37 1C. Surfaces were then rinsed four times with PBS, fixed in a solution of 4% PFA in PBS for 20 min, and stained with FITC-labeled anti-CD41a monoclonal antibody (anti-GPIIb, BD Biosciences) at 1:100 dilution in PBS with 1% FBS. Adherent platelets were visualized with a Nikon Diaphot 200 epifluorescent inverted microscope using a 40 Â objective with the appropriate excitation/emission filters. The % surface area coverage was determined by applying a threshold for light objects to 14-33 fields/surface using software (ImageJ v1.34, NIH).
Statistical analysis
Residual analysis for non-linear logistic regression of normalized FG binding and %inhibition of platelet aggregation revealed good model fit. A two-sample t-test was used to compare IC 50 model parameters using the degrees of freedom from the model as the sample size. ANOVA with Tukey's comparison of means (a ¼ 0.05, Minitab 14) was used to assess differences in groups for the following data sets: platelet surface coverage, integrin and peptide specificity of attachment, attachment and growth, shear stability, alignment with shear, tPA production, and 6-keto PGF 1a production. Residual analysis ensured data satisfied ANOVA assumptions.
Results and discussion
Solid-phase a IIb b 3 integrin binding competition and platelet aggregometry
As a first step in examining EC over platelet selectivity, the extent of CRRETAWAC interaction with platelets and platelet integrins was explored. CRRETAWAC affinity for the predominant platelet integrin, a IIb b 3 , was investigated using a solid-phase integrin-binding assay. As expected, increasing concentration of GRGDSP resulted in decreased bound FG due to competitive binding to the adsorbed a IIb b 3 integrin (Fig. 2A) . A decrease in bound FG was also observed with high concentrations of CRRETA-WAC, although much higher peptide concentrations were required to out compete FG for binding the adsorbed a IIb b 3 integrin ( Fig. 2A) . IC 50 values for inhibition of FG binding were determined from non-linear regression analysis. The IC 50 for CRRETAWAC was 3054790 mM; the IC 50 for GRGDSP was significantly lower (po0.001) at 5276 mM. These results confirm that CRRETAWAC has much lower affinity for the platelet a IIb b 3 integrin than RGD-containing peptides.
Inhibition of platelet aggregation by soluble peptide was also used to examine the degree of platelet-CRRETAWAC interaction. When soluble peptide out competes FG for binding to platelet receptors (principally, the a IIb b 3 integrin [23] ), platelet aggregation is inhibited. Both GRGDSP and CRRETAWAC were capable of inhibiting platelet aggregation; however, CRRETAWAC required a much higher concentration to produce the same inhibitory effect as GRGDSP (Fig. 2B) . Platelet aggregation was inhibited by CRRETAWAC peptide with an IC 50 ¼ 27007390 mM; this was significantly higher (po0.001) than IC 50 ¼ 280740 mM for GRGDSP peptide. Both the peptide-FG competition for adsorbed integrin and platelet aggregation inhibition experiments indicate low-specific CRRETAWAC-platelet interaction.
Peptide fluorosurfactant polymer synthesis and characterization
To modify the surface of fluorocarbon substrates, like ePTFE, with the EC-selective peptide, we used a peptide FSP as previously described [5] (Fig. 1) . The main concern in the first stages of synthesis was the possibility of disulfide bond reductive cleavage in cyclic CRRETAWAC peptide upon attachment of glutaraldehyde. Ellman's test for sulfhydryl groups on the modified peptide was negative, confirming the retention of disulfide bonds.
The NMR spectrum of aldehyde-modified CRRETA-WAC-SSSG peptide in d 6 -DMSO showed the characteristic proton peak from the aldehyde group (9.7 ppm); the disappearance of this peak for the PVAm-peptide conjugate confirmed successful peptide incorporation. Quantitative analysis of this intermediate product was performed by UV spectroscopy. The tryptophan residue in CRRE-TAWAC peptide absorbs strongly at 280 nm. The amount of 280 nm absorbance was found to be directly proportional to CRRETAWAC-SSSG peptide concentration (R 2 ¼ 0.9998) with a molar absorption coefficient of 4062.9 cm conjugate was determined using the molar absorption coefficient: for every 15 amino groups on the PVAm backbone, there were three attached peptides.
IR spectroscopy confirmed successful incorporation of fluorocarbon branches on the PVAm backbone for the next step of the reaction: the final product contained 1224 and 1154 cm À1 (ÀCF 2 À) bands which were not observed for the corresponding precursor. XPS atomic composition analysis of the peptide FSP on polyethylene indicated the peptide:-fluorocarbon ratio to be 2:1. This ratio, combined with the result from UV analysis of the PVAm-peptide precursor, gives the peptide FSP composition: on average, for every 10 amino groups on the PVAm backbone, there are two peptide ligands and one fluorocarbon pendant branch.
Water contact angle measurement demonstrated significant reduction in surface tension for ePTFE and FSAM on glass after surface modification with CRRETAWAC FSP (Table 1 ). The peptide FSP adsorbs irreversibly on fluorocarbon substrates and remains stable under aqueous conditions for at least 20 weeks, as evidenced by low water contact angles (Table 1 ) and constant surface nitrogen content determined by XPS (Fig. 3) . The CRRETAWAC peptide density on the surface was calculated to be 0.24-0.41 peptides/nm 2 , which is comparable to previously determined RGD FSP peptide density [5] .
Peptide and integrin specificity of EC attachment
Peptide dependence for EC interaction with the FSP was confirmed when soluble CRRETAWAC, but not CAT-AERWRC, disrupted EC attachment to CRRETAWAC FSP (Fig. 4A) . Pre-incubating ECs with soluble CRRE-TAWAC (1 mM) reduced cell attachment to CRRETA-WAC FSP by over 90% (p ¼ 0.002) compared with ECs not incubated with any peptide before seeding on the same surface. Soluble CRRETAWAC most likely exerted its inhibitory effect by binding and occupying cell-surface receptors ordinarily involved in binding immobilized CRRETAWAC for cell-surface attachment. Soluble CRRETAWAC inhibition of EC attachment to CRRE-TAWAC FSP indicates that the peptide presented on the surface by our biomimetic construct is specifically responsible for cell adhesion. Table 1 Advancing (y a ) and receding (y r ) water contact angles for unmodified and CRRETAWAC fluorosurfactant polymer (FSP) modified fluorocarbon substrates. Water contact angles for CRRETAWAC FSP-modified surfaces subjected to aqueous conditions for 4 and 20 weeks are also given FSAM  105721  95721  65771  7721  5771  15741  PTFE  10711  105711  60761  8721  61711  12741  47741  10761  ePTFE  124711  20721  68781  12741  63741  17711 a Highest advancing water contact angle7SD from three measurements. b Lowest receding water contact angle7SD from three measurements. 
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EC attachment and growth
ECs seeded on CRRETAWAC FSP-modified ePTFE and FSAM demonstrated high attachment efficiency and growth (Fig. 5) . Attachment efficiency was higher for ECs on CRRETAWAC FSP than for FN (103 vs. 74%, p ¼ 0.001 for difference). A significant (po0.001) increase in EC population was observed on CRRETAWAC FSP and FN, but not on unmodified ePTFE. ECs seeded on CRRETAWAC FSP reached confluence the quickest with a shorter doubling time (7.5 h) compared to FN (10.3 h, po0.001 for difference). Final confluent cell population was comparable on CRRETAWAC FSP and FN at 96 h. Unmodified ePTFE had significantly lower (po0.001) EC population than CRRETAWAC FSP for all time points and significantly lower (po0.001) population than FN from 48 h onwards.
Comparing EC adhesion and growth on CRRETAWAC FSP and RGD FSP [5] relative to FN illustrates that CRRETAWAC FSP supported EC attachment and growth as well as RGD FSP. ECs attached more efficiently to CRRETAWAC FSP relative to FN than on RGD FSP ( Table 2 ). The EC growth rate on both CRRETAWAC and RGD FSPs was significantly greater than for FN (shorter doubling times provide peptide FSP:FN ratioo1, Table 2 ). Also, both CRRETAWAC and RGD FSPs supported a confluent population that was equal to or greater than on FN (Table 2 ). These results demonstrate similar high attachment efficiency, rapid proliferation, and high confluent density on both CRRETAWAC FSP and RGD FSP. The value of each parameter from peptide FSP is normalized by the FN value from the same experiment7normalized standard deviation. RGD FSP data is from Larsen et al. [5] . Efficient attachment and rapid growth of ECs on CRRETAWAC FSP indicate sufficient peptide ligand density and affinity to support survival and proliferation. Compositional data along with molecular modeling gives an estimated peptide density of 0.04-0.07 nmol/cm 2 for CRRETAWAC FSP. This is at least two orders of magnitude greater than the estimated monolayer density of FN (0.0003-0.001 nmol/cm 2 ) [24] [25] [26] . High attachment peptide density has been shown to enhance cell spreading, survival, focal contact formation, and proliferation [27] [28] [29] [30] . The high cell-binding ligand density on the CRRETAWAC FSP leads to more rapid EC attachment and spreading compared with FN, giving this surface a higher attachment efficiency. This higher initial cell population advantage on CRRETAWAC FSP was maintained through the exponential growth phase due to CRRETAWAC FSP's ability to support a faster growth rate (shorter doubling time). The EC population on both FN and CRRETAWAC FSP reached a similar confluent density and experienced contact inhibition during the plateau phase. The similarity in EC adhesion and growth on CRRETAWAC and RGD FSP may be explained by similar peptide density on both constructs (0.11-0.19 nmol/ cm 2 for RGD FSP [5] ). Despite the known integrin specificity and affinity differences for these peptides [8, 9] , the combination of ligand affinity and number were sufficient for both to support high attachment efficiency, rapid proliferation, and high confluent density. These results indicate feasibility of rapid EC expansion to confluence for a subconfluently seeded construct. This has particular application to a one-stage seeding clinical scenario where patient ECs are harvested and seeded at a subconfluent density on a CRRETAWAC FSP modified ePTFE graft at the time of surgery.
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EC shear stability
The shear stability of ECs attached to CRRETAWAC and RGD FSP-coated FSAM surfaces was assessed using a rotating disk system described elsewhere [22] . ECs were subjected to 4 h of shear stress in CGM ranging from 0 to 57.4 dynes/cm 2 on confluently seeded peptide FSP or FNcoated surfaces. ECs on CRRETAWAC FSP modified FSAM displayed shear stability with no significant cell loss after 4 h of 47.8 dynes/cm 2 applied shear stress (Fig. 6A ). ECs on RGD FSP and FN-coated surfaces displayed similar shear stability. Shear stability of ECs on the CRRETAWAC FSP at the shear ranges examined indicates feasibility of application for our biomimetic construct at small-diameter arterial shear stresses.
ECs on all surfaces were able to achieve significant alignment (po0.05) with minimal applied shear stress; 36-43% of ECs aligned within 7201 of flow direction upon 9.6 dynes/cm 2 of applied shear ( Fig. 6B-E) . EC alignment remained relatively constant over the applied shear stress range examined with no statistical differences in alignment between 9.6 and 38.2 dynes/cm 2 for all surfaces. Taken together, the shear stability and alignment data indicate ARTICLE IN PRESS that the combination of ligand affinity and number for the CRRETAWAC FSP is sufficient to permit EC cytoskeleton reorganization and results in stable cell anchorage at arterial shear stresses.
EC hemostatic function
In order for ECs to provide maximum biocompatibility benefit for graft material, they must not only be stably adherent, but also provide anti-thrombotic function. Production of prostacyclin, a potent inhibitor of platelet aggregation and important hemostatic mediator [31] , was assessed for ECs adherent to CRRETAWAC and RGD FSP and FN by quantifying 6-keto prostaglandin F 1a (PGF 1a ), a stable prostacyclin hydrolysis product, using an EIA. ECs on CRRETAWAC FSP demonstrated 6-keto PGF 1a production rates comparable to ECs on RGD FSP and FN surfaces (Fig. 7A) . Actual 6-keto PGF 1a production rates for ECs on CRRETAWAC FSP, RGD FSP, and FN ranged from 7.9 Â 10 À5 to 2.5 Â 10
À3
, 1.5Â 10 À4 to 8.7 Â 10
À4
, and 5.6 Â 10 À5 to 5.5 Â 10 À4 pg/cell/h, respectively. ECs also play an important hemostatic role in regulating fibrinolysis. tPA, produced and secreted by ECs, activates plasminogen to plasmin, which in turn degrades fibrin resulting in thrombolysis [31] . tPA production rates for ECs on CRRETAWAC and RGD FSP and FN were assessed using an EIA. ECs on CRRETAWAC FSP demonstrated tPA production rates comparable to ECs on RGD FSP and FN (Fig. 7B) . Actual tPA production rates for ECs on CRRETAWAC FSP, RGD FSP, and FN ranged from 1.2 Â 10 À6 to 3.5 Â 10
À5
, 2.7 Â 10 À6 to 2.4 Â 10 À5 , and 2.0 Â 10 À6 to 2.6 Â 10 À5 ng/cell/h, respectively. Production of prostacyclin and tPA, along with uptake of acetylated low-density lipoprotein (Fig. 7C) , an EC-specific function [32] , indicates that CRRETAWAC FSP is capable of promoting an anti-thrombotic EC phenotype.
Platelet adhesion
A suspension of washed platelets was incubated with FN, RGD, and CRRETAWAC FSP surfaces to further establish the EC-selectivity of the CRRETAWAC ligand (Fig. 8A) . CRRETAWAC FSP demonstrated significantly less (po0.01) platelet surface coverage (11%, Fig. 8B ) than either FN (33%, Fig. 8C ) or RGD FSP (46%, Fig. 8D ). Differences in platelet surface coverage may be reasonably ARTICLE IN PRESS explained by the differential affinity of presented ligands for platelet integrins. Future studies using a porcine carotid artery interposition model are planned to assess if low in vitro platelet binding translates into low platelet adhesion in vivo for the CRRETAWAC FSP.
Conclusions
The challenge of tissue engineering an EC interface on vascular graft material is that many surface modifications that bind ECs also will bind platelets and initiate thrombosis. Here, we provide data demonstrating that cyclic CRRETAWAC peptide has much lower affinity for platelet receptors, including the a IIb b 3 integrin, than an RGD-containing peptide. A FSP incorporating cyclic CRRETAWAC has been synthesized and shown to be a simple, quantitative, and effective surface modification of ePTFE. ECs adhere specifically to the CRRETAWAC FSP in an a 5 b 1 integrin-dependent fashion. CRRETAWAC FSP is capable of supporting high-efficiency EC attachment and proliferation. ECs remain stably adherent to CRRETAWAC FSP for at least 4 h at 47.8 dynes/cm 2 and are capable of cytoskeletal reorganization and alignment under physiologically relevant shear stress conditions. ECs adherent to CRRETAWAC FSP are capable of providing anti-thrombotic function by producing prostacyclin and fibrinolytic function by producing tPA. Specific platelet adhesion to CRRETAWAC FSP is limited compared with RGD FSP and FN. EC-selective FSP modification of ePTFE could significantly reduce the time required to ready a cell-seeded vascular graft for implantation. Ultimately, this technology has potential to promote rapid in vivo endothelialization and healing without thrombosis and occlusion for small-diameter vascular grafts.
